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Abstract
The active plasma beam dump utilizes a laser to gener-

ate a plasma wakefield and decelerate an externally in-
jected beam to low energy. We use the particle-in-cell code
“Smilei” for the investigation on electron beam energy loss
in plasma. In this research work we optimize the laser and
plasma parameters to investigate the active plasma beam
dump scheme. In doing so, most of the beam energy will be
deposited in the plasma. The optimization strategy for the
beam energy loss in plasma is presented.

INTRODUCTION
In plasma-based accelerators a high intensity laser pulse

or a relativistic electron bunch can induce a plasma wake-
field with accelerating gradient on the order of 100 GV⁄m,
which is much larger compared to the conventional accel-
erator and achieved in short distance. It has been shown
that the electrons can be accelerated in high gradient plasma
wakefield and can achieve the kinetic energies up to the GeV
level over a few centimetres scale acceleration length [1–7].
The plasma-based accelerators are a milestone to make the
accelerator compact and transportable [8]. However, the
compactness of particle accelerator still limited by large and
heavy conventional beam dump techniques. The plasma-
based beam dump is a scheme to depose the relativistic
beam kinetic energy in plasma medium, after the acceler-
ated particle beam being used purposefully. Compared to
the conventional beam dump, the plasma-based beam dump
offers compact footprint, low radiation hazards and there-
fore low costs. In the conventional beam dump techniques,
for disposing of particle beam energy one has to impinge
it on a high-density material - a solid or liquid, which will
rapidly stop the beam’s constituent particles and produce
the ionization radiations that could be harmful for the en-
vironment. It is then necessary to avoid the production
of dangerous chemicals or the radio activation of materi-
als that can result from exposure to radiation. In addition,
the radiation hazards due to particle scattering in plasma
beam dump are much smaller than that in conventional beam
dump. Plasma based beam dump were first introduced by
Tajima et al., in 2010 [9]. In the recent couple of years, the
plasma-based beam dump [9–14] has been investigated for
the development of compact particle accelerators with GeV
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range energies that is a great interest to fulfil the require-
ment for free-electron lasers, high-quality x-ray production,
terahertz-radiation generation.

PLASMA BEAM DUMP
The plasma-based beam dump can be categorized in two

types based on sources used to induce the wakefield: pas-
sive plasma beam dump (PPBD); and active plasma beam
dump (APBD). In passive plasma beam dump [9–14] a rela-
tivistic particle bunch propagates in an undisturbed plasma
and loses its energy. In this scheme, particles in the head
of the bunch will experience no decelerating field due to
the finite response time of the plasma, while particles at the
bunch tail will experience a deceleration and will become
non-relativistic. As the particles start decelerating, after
some time, these non-relativistic charge particles fall behind
the rest of the bunch and move to an accelerating phase re-
gion of wakefield that is commonly referred to as second
accelerating phase of the plasma wave. This re-acceleration
of the beam particles, which eventually leads to saturation of
beam net energy loss. Recently, to avoid the re-acceleration
during the beam dumping, several schemes have been pro-
posed, such as inserting foils in the plasma to absorb the re-
accelerated particles and tailoring the plasma density along
the beam propagation direction to change the rela-tive phases
of wakefield along the beam driver [10–12]. The present
study shown that the beam energy deposition in plasma can
be faster in an active plasma beam dump scheme [11] where
a laser pulse is introduced to excite the wakefield in plasma
before an electron beam is injected in decelerating phase of
the plasma wakefield for energy loss. In this research work,
we will investigate the active plasma beam dump using PIC
code “Smilei” and do comparison with passive plasma beam
dump [10].

ANALYTICAL MODEL
In this study an analytical model developed by Bonatto,

et al [11] being used. To investigate the plasma-based beam
dump, we considered the bi-Gaussian electron bunch den-

sity profile given by 𝑛𝑏(𝜉, 𝑟)
𝑛0

= 𝑛𝑏
𝑛0

𝑒𝑥𝑝(− 𝜉2

2𝜎2
𝑧

)𝑒𝑥𝑝(− 𝑟2

2𝜎2
𝑟

),

where 𝑛𝑏 and 𝑛0 are the bunch peak density and plasma
density, respectively. 𝜎𝑧 and 𝜎𝑟 are the bunch longitudinal
and transverse RMS size, respectively. For active plasma
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beam dump a bi-Gaussian laser driver is introduced to in-
duce the plasma wakefield. Laser envelope profile is defined

by 𝑎2(𝜉, 𝑟) = 𝑎2
0𝑒𝑥𝑝(− 𝜉2

𝜎2
𝑙

)𝑒𝑥𝑝(− 𝑟2

𝑟2
𝑤

), where 𝜉 ≡ 𝑧 − 𝑐𝑡

is the comoving coordinate in the moving direction. 𝑎0 is
the laser amplitude, 𝜎𝑙 and 𝑟𝑤 are laser pulse length and
waist, respectively. In principle, the wakefield induced by
the bunch driver can be improved by considering the laser-
driven wakefield. In APBD the net decelerating wakefield is
stronger and more uniformed than the wakefield in PPBD be-
cause the wakefield is improved by laser driver. On choosing
the appropriate conditions such as laser parameters and the
phase of the laser driven wakefield for beam injection, the
net wakefield 𝐸𝑧/𝐸0 = (𝐸𝑧𝑏 + 𝐸0)/𝐸0, where 𝐸𝑧𝑏 and 𝐸𝑧𝑙
are the bunch self-driven longitudinal plasma wakefield and
laser-driven longitudinal plasma wakefield respectively, and
𝐸0 = (𝑐𝑚𝑒𝜔𝑝)/𝑒 is the cold plasma non-relativistic wave
breaking electric field, 𝑐 is speed of light, 𝑚𝑒 is the electron
rest mass, 𝜔𝑝 is plasma frequency, and e is electron charge.
The analytical solution for the excitation of plasma wakefield
induced by electron bunch and laser pulse is well described
in literature [1, 15, 16]. From the plasma fluid equation of
momentum and Lorentz force, the action of electric field on
relativistic electron bunch

𝑑
𝑑𝑡 (𝛾𝑚𝑣) = −𝑒𝐸𝑧, (1)

where 𝛾 is relativistic factor. A new variable 𝑠 = 𝑐𝑡 is intro-
duced. Now the equation of motion for highly relativistic
case (𝑣 ≃ 𝑐) becomes,

𝑑𝛾
𝑑𝑠 ≃ − 𝑒

𝑚𝑐2 𝐸𝑧 = −𝑘𝑝
𝐸𝑧
𝐸0

(2)

𝑑𝛾
𝑑𝑠 = −𝑘𝑝(𝐸𝑧𝑏 + 𝐸𝑧𝑙)/𝐸0, (3)

where 𝑘𝑝 is the plasma wave number. Integrating the Eq. (3)
over a distance 𝑠, assuming the initial energy distribution
inside the beam is uniform and all the electrons have the
initial𝛾 ≫0 1, the expression for 𝛾 leads to

𝛾(𝑠) = 𝛾0 −
𝑘𝑝
𝐸0

(𝑠𝐸𝑧𝑏 + ∫ 𝑑𝑠𝐸𝑧𝑙. (4)

The normalized total energy of the beam 𝑈(𝑠) can be defined
as,

𝑈(𝑠) = ∫
𝑉

𝑑𝑉𝛾(𝑠)𝑛𝑏(𝜉, 𝑟)/𝑛0, (5)

𝑈(𝑠 = 0) = 𝑈0 = 𝛾0 ∫
𝑉

𝑑𝑉𝑛𝑏(𝜉, 𝑟)/𝑛0. (6)

The total beam energy loss in active plasma beam dump-
ing can be obtained from Eqs. (4), (5) and (7), on defining
laser-driver and beam-driver induced wakefield. The evo-
lution of normalized total beam energy can be expressed
as,

𝑈(𝑠)
𝑈0

= 1 − 𝑘𝑝𝑠
∫𝑉 𝑑𝑉[𝐸𝑧𝑏/𝐸0][𝑛𝑏(𝜉, 𝑟)/𝑛0]

𝛾0 ∫𝑉 𝑑𝑉𝑛𝑏(𝜉, 𝑟)/𝑛0

−𝑘𝑝
∫𝑠 𝑑𝑠 ∫𝑉 𝑑𝑉[𝐸𝑧𝑙/𝐸0][𝑛𝑏(𝜉, 𝑟)/𝑛0]

𝛾0 ∫𝑉 𝑑𝑉𝑛𝑏(𝜉, 𝑟)/𝑛0
.

(7)

SIMULATION
To investigate the beam energy loss, 2D particle-in-cell

(PIC) simulation was performed with Smilei [17]. Simula-
tion was conducted for the electron beam with peak den-
sity 𝑛𝑏/𝑛0 ∼ 3 and 𝛾0 = 1960 (electrons with energy
∼1 GeV) propagating in a uniform plasma with density
𝑛0 = 1 × 1018 cm−3. The other beam parameters (adopted
from EuPRAXIA Conceptual Design Report [18]) are shown
in Table 1. We considered the linearly polarized pulse with
𝑎0 = 2, 𝜎𝑙 = 7.5 µm, and waist size 𝑟𝑤 = 17 µm. For the op-
timum parameters, maximum amplitude for the laser excited
wake is 𝐸𝑧/𝐸0 = 0.61.

Table 1: Electron Beam Parameters

Parameters

Bunch charge (𝑄) 30 pC
Transverse bunch size (𝜎𝑟) 1.4 µm
Longitudinal bunch size (𝜎𝑧) 2.0 µm
Energy spread 1.0 %
Angular divergence (𝑟𝑎𝑑) 1 × 10−5

Figure 1: Beam spatial distribution (orange curve), net longi-
tudinal wakefield (blue curve) and the laser envelope (green
curve) at (a) 𝑠 = 0.19 cm, and (b)𝑠 = 2.14 cm (c) 𝑠 = 2.4 cm,
bunch moved toward the acceleration phase of wakefield.
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Figure 1(a) shows the electron beam distribution (orange
curve), the net wakefield 𝐸𝑧/𝐸0 = (𝐸𝑧𝑏 + 𝐸𝑧𝑧𝑙)/𝐸0 (blue
curve), and the laser envelope (green curve) at 𝑠 = 0.19 cm.
The electron beam is placed at the beginning of decelerating
phase of laser wake. Figure 1(b) shows at 𝑠 = 2.14 cm the
electrons at the bunch tail reaches to the accelerating region.
Figure 1(c) shows at𝑠 = 2.4 cm most of the bunch electrons
moved to acceleration region of the wakefield.

Figure 2: Phase space showing the normalized energy
(𝛾/𝛾0) (a) initially at 𝑠 = 0.19 cm, (b) In comparison to
results from the passive case, the energy chirp is much lower
in this phase space obtained for the APBD at 𝑠 = 2.14 cm,
and (c) at 𝑠 = 2.4 cm phase space shows that most of the
beam energy was absorbed in plasma wakefield and elec-
trons at the tail of bunch start gain the energy.

Figure 2(a) shows the initial phase space with 𝛾/𝛾0 ∼ 0.9
at 𝑠 = 0.19 cm. Figure 2(b) shows the beam reaches its
minimum energy (𝛾/𝛾0 ≪ 1) at 𝑠 = 2.14 cm cm along the
whole length of bunch resulting a uniform energy loss in
APBD as compared to the PPBD. Figure 2(c) depicts the

phase space at 𝑠 = 2.4 cm, where electron beam loses most
of its energy, and slips into the reacceleration phase region
and starts gaining energy. The evolution of the electron
beam total energy (𝑈/𝑈0) at 𝑠 = 2.4 cm along the beam
propagation shown in Fig. 3. The minimum beam energy
𝑈 = 26 MeV is observed at 𝑠 = 2.2 cm

Figure 3: The beam total energy (𝑈/𝑈0) evolution along
the beam propagation in plasma.

CONCLUSION
In this study, we observed that the electron beam losing its

maximum energy at 𝑠 = 2.2 cm, reaching to a minimum av-
erage energy of 26 MeV. Whereas the previous study shows
in passive plasma beam dump scheme for the same configu-
ration of optimum parameters electron beam reaches to its
minimum energy at a distance of 6 cm. Therefore, in active
plasma beam dump, the electrons in the bunch lose their
energy faster as compared to the passive beam dump scheme
that could lead to the more compactness of the plasma parti-
cle accelerators. We also observed the high intensity laser
envelope deformed may be due to the nonlinear effect in
plasma such as self-steepening, self-focusing and self-phase
modulation instabilities [19,20]. To avoid the laser deforma-
tion because of nonlinear effect further simulation has to be
done with lower laser intensity.

ACKNOWLEDGEMENTS
The authors would like to acknowledge for the support

from the Cockcroft Institute and the STFC grant. Computing
resources are provided by the CSF3 HPC cluster, University
of Manchester, UK.

REFERENCES
[1] M. Litos et al., “High-efficiency acceleration of an electron

beam in a plasma wakefield accelerator”, Nature, vol. 515, p.
92, 2014.

[2] W. P. Leemans et al., “GeV electron beams from a centimetre
scale accelerator”, Nature Physics, vol. 2, p. 696, 2006.

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-MOPAB171

MOPAB171C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

584

MC7: Accelerator Technology

T25 Lasers



[3] C. E. Clayton et al., “Self-guided laser wakefield acceleration
beyond 1 GeV Using Ionization-Induced Injection”, Phys.
Rev. Lett., vol. 105, p. 105003, 2010.

[4] H. Lu et al., “Laser wakefield acceleration of electron beams
beyond 1 GeV from an ablative capillary discharge waveg-
uide”, Appl. Phys. Lett., vol. 99, p. 091502, 2011.

[5] H. T. Kim et al., “Enhancement of Electron Energy to the
Multi-GeV Regime by a Dual-Stage Laser-Wakefield Accel-
erator Pumped by Petawatt Laser Pulses”, Phys. Rev. Lett.,
vol. 111, p. 165002, 2013.

[6] X. M. Wang et al., “Quasi-monoenergetic laser-plasma ac-
celeration of electrons to 2 GeV”, Nat. Comm., vol. 4, p. 1988,
2013.

[7] A. J. Gonsalves et al., “Petawatt Laser Guiding and Electron
Beam Acceleration to 8 GeV in a Laser-Heated Capillary
Dis-charge Waveguide”, Phys. Rev. Lett., vol. 122, no. 8, p.
084801-084804, 2019.

[8] S. G. Rykovanov et al., “Quasi-monoenergetic femtosecond
photon sources from Thomson Scattering using laser plasma
accelerators and plasma channels”, Phys. B: At., Mol. Opt.
Phys. J., vol. 47, p. 23, 2014.

[9] H. C. Wu, T. Tajima, D. Habs, A.W. Chao, and J. Meyer-
ter-Vehn, “Collective deceleration: Toward a compact beam
dump”, Phys. Rev. Accel. Beams, vol. 13, p. 101303, 2010.

[10] G. Xia, A. Bonatto, et al., “Plasma Beam Dumps for the
EuPRAXIA Facility”, Instruments, vol. 4, no. 2, p. 10, 2020.

[11] A. Bonatto et al., “Passive and active plasma deceleration for
the compact disposal of electron beams”, Phy. Plasmas, vol.
22, no. 8, p. 083106, 2015.

[12] A. Bonatto et al., “Advances in plasma-based beam dump
modelling”, J. Phys.: Conf. Ser., vol. 1596, p. 012058, 2020.

[13] O. Jakobsson, A. Bonatto, et al.,“Tailored plasma-density
profiles for enhanced energy extraction in passive plasma
beam dumps”, Plasma Phys. Control. Fusion, vol. 61 no.12,
p. 124002, 2019.

[14] K. Hanahoe, G. Xia, et al., “Simulation study of a passive
plasma beam dump using varying plasma density”, Phy. Plas-
mas, vol. 24, no. 2, p. 023120, 2017.

[15] E. Esarey, C. B. Schroeder, and W. P. Leemans, “Physics of
laser-driven plasma-based electron accelerators”, Rev. Mod.
Phys., vol. 81, p. 1229, 2009.

[16] E. Esarey, P. Sprangle, J. Krall, and A. Ting, “Overview of
plasma-based accelerator concepts”, IEEE Trans. Plasma
Sci., vol. 24, p. 252, 1996.

[17] A. Derouillat et al., “SMILEI: a collaborative, open-source,
multi-purpose particle-in-cell code for plasma simulation”,
Comput. Phys. Commun., vol. 222, p. 351-373, 2018.

[18] R. W. Assmann, M. K. Weikum, T. Akhter, et al., “Eu-
PRAXIA Conceptual Design Report”, Eur. Phys. J. Spec.
Top., vol. 229, p. 3675–4284, 2020.

[19] J. Vieira et al., “Onset of self-steepening of intense laser
pulses in plasmas”, New J. Phys., vol. 12, p. 045025, 2010.

[20] W. B. Mori, “The physics of the nonlinear optics of plas-
mas at relativistic intensities for short-pulse lasers”, IEEE J
Quantum Elec., vol. 33, p. 1942, 1997.

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-MOPAB171

MC7: Accelerator Technology

T25 Lasers

MOPAB171

585

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I


